Purpose: With the recent introduction of integrated whole-body hybrid positron emission tomography/magnetic resonance (PET/MR) scanners, simultaneous PET/MR breast imaging appears to be a potentially attractive new clinical application. In this study, the technical groundwork toward performing simultaneous PET/MR breast imaging was developed and systematically evaluated in phantom experiments and breast cancer patient hybrid imaging. Methods: Measurements were performed on a state-of-the-art whole-body simultaneous PET/MR system (Biograph mMR, Siemens AG, Erlangen, Germany). The PET signal attenuating effects of a MR-only four-channel radiofrequency (RF) breast coil that is present in the PET field-of-view (FoV) during a simultaneous PET/MR data acquisition has been investigated and quantified. For this purpose, a dedicated PET/MR visible breast phantom featuring four modular inserts with various structures (no insert, MR insert, PET insert, and PET/MR insert) was developed. In addition to a systematic evaluation of MR-only image quality, the following phantom scans were performed using 18 F radio tracer: (1) PET emission scan with only the homogeneous breast phantom; (2) PET emission scan additionally with the RF breast coil in the PET FoV. Attenuation correction (AC) of PET data was performed with CT-based three-dimensional (3D) hardware attenuation maps (μ-maps) of the RF coil and breast phantom. Finally, a simultaneous PET/MR breast imaging was performed in two breast cancer patients. Results: The modular breast phantom allowed for systematic evaluation of various MR, PET, and PET/MR image quality parameters. The RF breast coil provided MR images of good image quality, unaffected by PET imaging. The global attenuation of the RF breast coil on the PET emission data was approximately 11%. This hardware attributed PET signal attenuation was successfully corrected by using an appropriate CT-based 3D μ-map of the RF breast coil. Imaging of two breast cancer patients confirmed the successful integration of the RF breast coil into the concept of simultaneous PET/MR breast imaging.
I. INTRODUCTION
The recent introduction of positron emission tomography/magnetic resonance (PET/MR) hybrid imaging, which combines metabolic information obtained by PET with high spatial resolution anatomical information and excellent softtissue contrast obtained by MR imaging, has opened a wealth of diagnostic information for numerous clinical applications and may increase the diagnostic accuracy compared to single modalities. [1] [2] [3] Various diagnostic imaging applications can potentially benefit from combined PET/MR hybrid imaging. In this purview, a potentially attractive new diagnostic application is PET/MR breast imaging combining the high sensitivity of MR breast imaging with increased specificity of PET imaging. 4, 5 In conventional MR breast imaging, a dedicated multichannel radiofrequency (RF) breast coil is used for MR signal detection in order to acquire high spatial resolution and high soft-tissue contrast MR images of the female breast. 6, 7 In combined PET/MR breast imaging, a RF breast coil is necessary for MR signal reception, but can be problematic as it also lies within the PET field-of-view (FoV) during PET data acquisition. This will attenuate and scatter the annihilation photons to a certain extend before reaching the PET detector 8, 9 and may lead to a decrease of PET image quality and to image artifacts. Therefore, it is crucial to account for the RF breast coil hardware attenuation in order to obtain accurate PET quantification results. 8, 9 Hence, the PET signal attenuation due to hardware components needs to be compensated through appropriate attenuation correction (AC) methods that are used during the PET data reconstruction process. While hardware AC is straightforward and well established in PET/computed tomography (PET/CT) hybrid imaging, 10 this concept cannot be directly transferred to PET/MR hybrid imaging since no attenuation values from CT imaging are available. RF coils may contain highly attenuating materials but they are inherently not visible in MR images, as this is usually not desired in MR imaging. In early studies using brain PET/MR scanners in conjunction with RF head coils, it has been shown that a CT or rod-source transmission scan in PET can be performed to generate 3D attenuation maps (μ-maps) of rigid hardware components and RF coils. [11] [12] [13] The 3D CT data of the hardware components represent spatially correct attenuation maps of the attenuating structures. Following image processing, converting the attenuation coefficients from CT energy (80-140 keV) into PET energies (511 keV) via energy scaling method, 16 and downscaling the high spatial CT resolution to match the comparatively low spatial resolution of PET, resulting attenuation maps (μ-maps) can be assigned. Including the CT-based approach for AC of hardware components in PET/MR hybrid imaging requires to register the virtual CT μ-maps to the actual position of the hardware components. 14 In this work, we aim to evaluate and integrate a fourchannel RF breast coil for performing simultaneous PET/MR breast imaging on the current generation of integrated wholebody PET/MR hybrid systems. Following systematic evaluation and successful integration of the RF breast coil into the PET/MR hybrid system, first PET/MR data of two breast cancer patients on the Siemens Biograph mMR system were acquired to demonstrate the technical and clinical feasibility of the concept of simultaneous PET/MR breast imaging.
II. MATERIALS AND METHODS

II.A. Integrated PET/MR imaging system
Imaging was performed on a fully integrated whole-body PET/MR system (Biograph mMR, Siemens, Healthcare, Erlangen, Germany). 15 The scanner comprises of a 3.0 Tesla whole-body MR hybrid system with a length of 199 cm (magnet length 163 cm) that hosts in its magnet isocenter a fully integrated PET detector. The system bore of 60 cm enables whole-body simultaneous PET/MR hybrid imaging. The gradient system provides a maximum gradient strength of 45 mT/m on all three axes and a maximum slew rate of 200 mT/m/ms. The integrated PET detector consists of lutetium oxyorthosilicate (LSO) crystals in combination with MR-compatible avalanche photodiodes (APD) that form detector blocks, each with a block area of 32 × 32 mm 2 . Fifty six detector blocks are aligned circumferentially to form one PET detector ring, eight rings form the full PET detector unit, spanning a length of 25.8 cm in z-direction. While a number of RF coils are provided with the system that allow simultaneous acquisition of MRI and PET there is currently no dedicated MR breast coil available.
The magnet isocenter and the PET detector share the same coordinate system thus enabling true simultaneous hybrid data acquisition with MR and PET. Consequently, both patient and accessory hardware components (e.g., patient table, RF coils, positioning aids) are always placed in the FoV of both imaging modalities during simultaneous data acquisition.
II.B. Radiofrequency breast coil
The RF breast coil used in this study in combination with the PET/MR system is a commercially available MR-only four-channel RF breast coil (Noras MRI Products GmbH, Würzburg, Germany). The four-channel RF design with two 
II.C. PET/MR breast phantom
In this work, a PET/MR breast phantom was constructed for qualitative and quantitative evaluation of MR-only, PETonly and simultaneous PET/MR breast imaging performance ( Figs. 1 and 2) . The dimensions and shape of the breast phantom were chosen to obtain an optimal fit of the phantom within the RF breast coil. The phantom was built from polymethylmethacrylate (PMMA) and was designed to be filled with MR signal-producing fluids that can be mixed with radioactive tracers in order to gain simultaneous PET/MR visibility. The geometry and the dimensions of the breast phantom are illustrated in Fig. 1 . A connection plate was designed that provides mechanical stability and a defined positioning during the measurements with the RF breast coil [ Fig. 2(a) ]. 
II.D. Attenuation correction
All hardware components (e.g., patient table, RF breast coil, breast phantom) that are placed in the PET FoV during PET data acquisition potentially attenuate and scatter the annihilation photons before they reach the PET detectors. Therefore, it is imperative to perform a hardware AC in order to quantify PET activities accurately. This is achieved by CT scanning of the hardware components in order to calculate 3D μ-maps providing a geometric representation and associated attenuation values of attenuating hardware components. Two CT scans were performed to obtain such μ-maps for AC: (1) RF breast coil only and (2) breast phantom without insert (Figs. 4 and 5) .
For the CT scan (2), the phantom insert was positioned in the RF breast coil similar to MR and PET scanning. Dur- ing the CT scan, the breast phantom was filled with phantom fluid (5 g NaCl per 1000 g distilled water and 3.75 g NiSO 4 ), resulting in μ-maps of the phantom frame plus phantom fluid and hardware components of the RF breast coil ( downsampled by the system's software to match the spatial resolution of other stored hardware and soft-tissue μ-maps (coronal slices, matrix size: 192 × 126 with in-plane resolution of 2.60 × 2.60 mm 2 ; 126 slices with 3.12 mm thickness). During PET/MR data acquisition, the RF breast coil was placed on the system's patient table at a fixed and specified location with the help of a Plexiglas positioning plate. This provides a defined position of the breast coil relative to the patient table and thus to the scanner's coordinate system. Accordingly, only those components of the breast coil and phantom that are within the PET FoV are used for AC during PET data reconstruction. All PET reconstructions were performed on the system's console using the PET reconstruction software (e7 tools, Siemens Molecular Imaging, Knoxville, USA) and our custom generated RF breast coil and phantom μ-maps. For the AC of the system's patient table, an additional CT-based μ-map is inherently utilized by the PET/MR system.
II.E. MR measurements
MR measurements of the phantom with MR insert were performed using two different breast MR imaging protocols. The first protocol was a bilateral T1-weighted 3D spoiled FLASH sequence in axial orientation with the following parameters: TR/TE = 6.04/2.46 ms, matrix = 448 × 448 × 224 pixels, FoV = 400 × 400 × 167 mm 3 , slice thickness = 1.5 mm, flip angle = 10
• , band width (BW) = 400 Hz/pixel, no fat-saturation, GRAPPA with R = 2, number of averages (NA) = 1. The acquired matrix size and FoV provided a voxel size of 0.9 × 0.9 × 0.8 mm 3 . The second breast MRI protocol was a unilateral high-resolution T1-weighted 2D TSE sequence in sagittal orientation with the following parameters: TR/TE = 1780/15 ms, matrix = 512 × 512 pixels, FoV = 160 × 160 mm 2 , slice thickness = 1 mm, flip angle = 120
• , BW = 250 Hz/pixel, NA = 2, and phase encoding direction set to AP.
Both phantom domes were inserted into the connection plate and positioned in the RF breast coil. The center of the phantom and the RF breast coil were positioned at the isocenter of the hybrid system.
For the evaluation of signal-to-noise-ratio (SNR) and signal homogeneity of MR images acquired with the RF breast coil, a SNR-scaled map was calculated from sagittal slices of the phantom without an insert by using a modified dual acquisition and image subtractions method. 17 Rather than providing only local SNR values as with ROI measurements, the SNR map provides a spatial distribution of acquired SNR values over the whole image. To evaluate the local SNR effects, two 1D profiles were extracted from the phantom region in the direction of coil elements (vertical) and in the direction, where no coil elements are located (horizontal), as shown in Fig. 6(A) . The SNR homogeneity of the RF breast coil was evaluated across the entire phantom region using the relation (1−((max−min)/(max+min)))×100%, where max and min are the maximum and minimum SNR values within the phantom area.
Further, a maximum achievable spatial resolution was determined by evaluating a 1D profile across the resolved line pairs of the MR resolution insert, as shown in Figs. 6(F) and 6(H). The acquired MR images also passed a qualitative evaluation.
II.F. PET measurements
To evaluate the effect of the RF breast coil on PET data, two different PET scans were performed with the homogeneous breast phantom (without insert).
1. PET scan with breast phantom only as a reference scan [ Fig. 3(c) ]. 2. PET scan with the RF breast coil and phantom [ Fig. 3(b) ].
For geometrically identical positioning of the breast phantom during the first PET scan, the phantom was placed on a phantom holder built from a Styrofoam block providing exact and identical phantom repositioning and negligible PET signal attenuation. For both PET scans, 18 F-solution was used as radioactive tracer. Approximately 50 MBq of 18 F in 1310 ml phantom fluid was injected in each side of the breast phantom. In both scans, the phantom was positioned at the same table position in the axial and radial center of the PET FoV. Each PET emission scans was acquired for 40 min. The high injected dose of activity and long acquisition duration in the phantom experiments were deliberately chosen to provide a better PET statistics and to investigate the attenuation effect of the RF breast coil on PET image quality. Three scenarios of PET reconstructions were performed.
1. PET_noCoil represents the reference PET image of the breast phantom without RF breast coil and with CTbased 3D μ-map for the phantom which includes the fluid and the phantom frame. 2. PET_Coil_noCoilAC represents the PET image of the breast phantom with RF breast coil and CT-based 3D μ-map for phantom only without AC of the RF breast coil. 3. PET_Coil_AC represents the PET image of the breast phantom with RF breast coil and CT-based 3D μ-map for both the phantom and the breast coil which includes the fluid, the phantom frame, and the hardware components of the RF breast coil.
All PET reconstructions (127 axial planes with 172 × 172 matrix at 4 × 4 × 2 mm 3 voxel size) were reconstructed by using the ordered subset expectation maximization (OSEM3D) algorithm with four iterations and 21 subsets. For the AC of PET images, the CT-based 3D μ-map of the RF breast coil and the breast phantom were additionally used for PET image reconstruction. The scatter correction was provided by the manufacturer's reconstruction software during PET image reconstruction.
The overall loss of counts introduced by the RF breast coil is analyzed by calculating the difference in total number of true coincidence counts recorded by the PET detectors between PET scans with/without the RF coil.
To evaluate the attenuating effect of the breast coil's hardware components as well as the efficacy of the CT-based AC 3 ), bottom (roi 4 ), and middle (roi 5 ) on the PET data sets of PET_Coil_noCoilAC and on PET_Coil_AC, as shown in Fig. 7(a) . The mean and standard deviation were calculated only for those slices that included the ROIs. The relative difference of each ROI compared to the reference scan (PET_noCoil) of these ROIs was computed and plotted as a function of the reconstructed image plane number. Thus, PET data sets with/without AC of the RF coil and the effect of AC can be compared quantitatively and as a function of space along z-direction. The relative difference images in percent were calculated between PET_noCoil and (1) PET_Coil_noCoilAC and (2) PET_Coil_AC. The same ROIs were reproduced for a quantitative evaluation of the uniformity of the relative difference images. The variation of the coil's local attenuation with/without AC of the RF coil on both relative difference images is reported.
II.G. PET/MR measurements
PET measurements were acquired using the breast phantom with the PET/MR insert. For the PET measurements, 18 F was used as radioactive tracer. All spheres (with a total volume of 19.6 ml) were filled with an activity concentration of 88 kBq ml −1 . The phantom background was filled with phantom fluid and 18 F radio tracer was added to obtain an activity concentration of 5.5 kBq ml −1 , yielding sphere-tobackground ratio of approximately 16:1 and a total injected activity of 14.5 MBq. The phantom was positioned in the axial and radial center of the PET FoV. The PET/MR measurements were performed using the T1-weighted 3D FLASH sequence with the same scan parameters mentioned in section MR measurements. Simultaneously, the PET was acquired for a scan duration of 30 min in order to maximize PET statistics.
II.H. Patient study
As a proof of concept of simultaneous PET/MR breast imaging, two breast cancer patients (62 years, 92 kg and 41 years, 73 kg) were scanned in the Biograph mMR system in the Bernard and Irene Schwartz Center for Biomedical Imaging, New York, NY, USA. Both patients were injected with 18 F-FDG radiotracer and gadolinium-based MR contrast agent (Magnevist, Bayer Healthcare).
18 F-FDG-PET/CT was ordered to evaluate the treatment response. The patients then volunteered to undergo PET/MR breast imaging immediately following PET/CT as part of a research protocol. PET/MR was performed directly after PET/CT, no additional radiotracer was administered and the patients were therefore not exposed to additional radiation.
During the PET/MR acquisition, the patients were positioned in head first prone position on top of the RF breast coil with arms resting at the side of the body. MR-based human tissue attenuation correction was performed using water and fat images generated from the two-point Dixon volumeinterpolated breath-hold examination (VIBE). The scanner's built-in RF body transmit coil was used for the acquisition of the Dixon VIBE AC sequence. 18 Hardware AC of the system's patient table and of the RF breast coil was performed using the pre-acquired CT-based μ-maps. As one part of a comprehensive breast exam, dynamic breast MR imaging was performed utilizing a postcontrast fat suppressed T1-weighted radial VIBE sequence 19 in axial orientation and simultaneous to PET data acquisition. The following parameters were used: TR/TE = 3.42/1.45 ms, matrix = 320 × 320 × 176 pixels, FoV = 400 × 400 × 194 mm 3 , slice thickness = 1.1 mm, flip angle = 10
• , BW = 868 Hz/pixel, and NA = 1. For the MR imaging protocols the RF breast coil was used for signal reception.
III. RESULTS
III.A. MR measurements
The calculated SNR map of the breast phantom without insert shows higher SNR at the top and bottom of the phantom compared to the center, as illustrated in Fig. 6(A) . The SNR uniformity was calculated and found to be 60% across the phantom. This signal profile was expected for a four-channel RF array coil providing only two coil elements on each side. The SNR is maximum close to the RF coil elements and decreases departing from the coil elements. Figure 6 (B) confirms this sensitivity profile showing more signal variation along the direction of the coil elements (profile a-b), but less signal variation in the direction parallel to the coil elements (profile c-d).
The two standard clinical breast MR imaging protocols provided different image spatial resolutions, as shown in Figs. 6(C)-6(J). The resulting phantom images show good contrast between the fluid and the Plexiglas structures. The smallest resolvable structure with the 3D FLASH breast imaging sequence was found to be 1 mm, as shown in Fig. 6(I) . Similarly, the high-resolution 2D TSE provided very good spatial resolution (0.3 mm) due to a small in-plane FoV, as illustrated in Fig. 6(J) . However, due to a small voxel size of the 2D TSE sequence, a higher noise level in the homogeneous area of the phantom could be observed, as shown in Fig. 6(J) . No noticeable artifacts were observed with both MR sequences.
III.B. PET measurements
The presence of the RF breast coil in PET FoV caused 11% overall loss of the true counts detected by PET detectors, as reported in Table I . The PET emission images without AC of the RF breast coil (PET_Coil_noCoilAC) show a reduction of the activity concentration in relation to the reference scan (PET_noCoil). This is better identifiable in the relative difference image [ Fig. 11(d) ].
Without application of AC of the RF breast coil, Table II shows a variation of local attenuation in the phantom approximately between 4% and 16% depending on the position of the ROI inside the phantom. The upper part of the phantom (roi 2 ) shows less attenuation than the lower part (roi 1 , roi 3 , roi 4 , and roi 5 ). This can be explained by the higher attenuation of photons caused by coil frame and coil electronics in the lower regions. The variation of the local attenuation of the breast coil inside the ROIs is confirmed by Fig. 7(c) . A relative difference range between −4% and 4% was observed after accounting for the CT-based AC of the RF breast coil, as shown in Fig. 7(d) .
III.C. PET/MR measurements
The results of the PET/MR measurement using the breast phantom with the PET/MR insert are shown in Fig. 8 . It also shows the side-by-side fusion of the MR and PET images. The simultaneously acquired MR (Fig. 8, left) and PET images (Fig. 8, middle) demonstrate very good spatial and geometric overlap of the MR and PET images (Fig. 8, right) . All active lesions could be well visualized and fused to the corresponding MR images. No spatial misregistration between PET and MR data sets could be detected.
III.D. Patient study
MR-based attenuation correction of the patient's soft tissues was successfully performed using the 3D Dixon VIBE sequence in combination with the built-in RF transmit/receive body coil of the PET/MR system [ Fig. 9(a) ]. Connecting the RF breast coil to the PET/MR system automatically linked the pre-acquired CT-based 3D μ-map of the breast coil that is stored in the system [ Fig. 9(b) ] to the MR-based softtissue AC map [ Fig. 9(a) ]. MR data of breast cancer patient number one shows a left sided bright lesion [white arrow in Fig. 9(c) ] that corresponds well with an FDG-active lymph node in the left axilla [white arrow in Fig. 9(d) ]. Breast cancer patient number two presented with invasive breast cancer and ductal carcinoma in situ (DCIS) in the right breast and postradiation cellulitis, inflammation, and residual tumor in the left To evaluate the attenuating effect of the RF breast coil on breast lesions in patient number two quantitatively, two volume of interests (VOIs) were drawn around the lesion area in both breasts, as is shown in Fig. 10(d) . The mean and max SUV values inside the VOIs were calculated with and without AC of the hardware component, as illustrated in Table III . The relative difference between mean SUV values of the VOIs in both breasts were determined and were found to be 10.4% in the left breast and 15% in the right breast.
IV. DISCUSSION
In this study, the influence of a commercially available four-channel RF breast coil for MR breast imaging on simultaneously acquired PET data has been evaluated and quantified. For this purpose, a dedicated breast phantom with modular inserts has been designed to evaluate and to quantify MR-only, PET-only, and simultaneous PET/MR breast imaging parameters. It is demonstrated that pre-acquired CT-based μ-maps of the RF coil can be used in PET data reconstruction for compensating the attenuating effects of the RF breast coil. The phantom data and first measurements in two breast cancer patients demonstrate the successful technical integration of the RF breast coil into the concept of simultaneous PET/MR breast imaging. In PET/MR hybrid imaging, the quantitative effect of RF surface coils on PET image quality is currently an active research area for many investigators. RF receiver coils, which are in general not visible in MR images, introduce a certain amount of hardware related gamma quanta attenuation and scattering, when they are located in the PET FoV during PET data acquisition. If this attenuation is not corrected, it may introduce PET quantification errors as well as PET 3 15.68 1.16 − 4.01 1.12 roi 4 13.75 1.24 − 0.09 1.23 roi 5 10. imaging artifacts in the reconstructed PET images. Different groups 8, 9, 14, 20 have investigated independently the potential influence of RF head and surface RF body coils on PET signal attenuation. Results from these studies have shown that RF head coils attenuate the global count rate in PET data acquisition by up to 19% 8, 9, 20 while the flexible surface RF body coils showed less but still non-negligible attenuation of PET signals in the range of 4%-10%. 8, 14 These studies also discuss the use of CT-based μ-maps for AC and demonstrate very good compensation of the hardware related attenuation for the RF head coils. Here the rigid design and defined position of the RF coil relative to the patient table provide an ideal basis for CT-based AC.
8, 9, 20 Such a CT-based AC approach is not as straightforward when flexible surface RF body coils are involved. Due to their mechanical flexibility, such a RF coil in the patient examination do not always match their preacquired CT-based μ-maps in 3D space. Additionally, the coil position during a patient exam relative to the scanners coordinate system is not defined and thus difficult to register to preacquired AC μ-maps.
The four-channel breast RF coil used in the present study provides a rigid frame design that is stable in its geometry. Additionally, the RF breast coil is placed at a defined and fixed position on the patient table during the patient examination. Both factors are preconditions for the successful use of CT-based μ-maps for AC. The generation of CT-based μ-maps for the AC of the RF breast coil involves at first a 3D CT scan of hardware components of the RF coil, followed by energy conversion from CT to PET (140-511 keV) and finally downsampling to match the PET resolution. Such a strategy was adopted for PET/CT in its earlier days and is also recommended for performing hardware AC in PET/MR hybrid imaging.
Quantitative evaluation of the MR-only imaging performance of the RF breast coil yielded a SNR homogeneity of approximately 60%. The SNR was higher close to the coil elements, as shown in Figs. 6(A) and 6(B) . This is a well known and expected effect in RF array coil design with low number of signal receiving channels. Since the image signal normalization filters are routinely used in combination with RF surface coils, clinical imaging, however, is not hampered by this effect. The SNR homogeneity potentially can be further improved by choosing a RF coil design with more independent RF channels, but this comes at the cost of an increased attenuation for PET signal due to the increase in coil elements and associated additional hardware in the PET FoV provide good and robust MR-only imaging performance. No artifacts have been observed in MR images acquired with this coil and hence can also be used for a simultaneous PET/MR data acquisition. The major goal of this study was to provide a basis for the integration of the four-channel RF breast coil in simultaneous PET/MR breast imaging on the new generation of integrated PET/MR hybrid imaging systems. The attenuation of PET emission data by the RF breast coil was quantified and analyzed with respect to its individual hardware components and their spatial distribution along z-axis. For this purpose, two different PET scans were acquired using the developed breast phantom with/without RF coil present. Hardware AC maps of both breast phantom and RF breast coil were used for the AC during PET image reconstruction. The results of the quantification show that the overall attenuation of the RF breast coil was found to be around 11% (Table I) , when the coil is present in the PET FoV during PET data acquisition. According to our findings, the most attenuating structure of the investigated four-channel RF breast coil was the coil frame itself. Due to the patient lying prone with the upper thorax on the coil, the design demands for a mechanical stable support frame. This requirement has been answered by a mechanically stable and low profile open frame design featuring a sandwich structure reinforced by fibers. A precondition for using the CT-based approach for hardware AC is that the RF breast coil has a fixed and defined position on the patient table of the PET/MR system. A positioning plate consisting of Plexiglas was designed for this purpose. Figure 11 shows PET images of the homogeneous breast phantom that were acquired without the RF breast coil [ Fig. 11(a) ], with the RF breast coil present during PET data acquisition [ Fig. 11(b) ], and with RF breast coil present but with applying the 3D CT-based μ-map for AC [ Fig. 11(c)] . Relative difference images of with/without RF coil present [ Fig. 11(d) ] demonstrate visible differences due to hardware attenuation of the RF coil that could be successfully compensated by application of the CT-based AC [ Fig.  11(e) ]. The variation of the coil attenuation on relative difference images with/without AC of the RF breast coil related to the reference scan was −4% to 4% and 4%-16%, respectively. By application of the CT-based AC, a slight overcorrection of the PET activity concentration up to an average of −4% (roi 3 ) can be observed, as shown in Fig. 7(d) . Two different effects may lead to this overcorrection: (1) artifacts in the CT images around strongly attenuating structures (e.g., metal) and (2) the conversion from Hounsfield units to linear attenuation coefficients at the PET energy (511 keV). This effect of overcorrection was also observed by other research groups. 8, 9 The bilinear conversion from Hounsfield units to linear attenuation coefficients at 511 keV is optimized only for air, human soft tissue, and bone and not for plastic, foam, and electronic components of RF coil hardware. For further improvement of the PET AC, the bilinear conversion method should be modified toward such materials. In general, however, the CT-based AC approach has proven to be a viable option for hardware AC of the tested RF breast coil when used in the context of simultaneous PET/MR breast imaging. Subsequent to the successful technical implementation of the RF breast coil and its associated hardware AC, the concept of PET/MR breast imaging was evaluated on two breast cancer patients with an injection of radio tracer and MR contrast agent. The concept of MR-based human soft-tissue AC and CT-based hardware AC was straightforward and worked reliably in these studies. MR breast imaging here showed good overall image quality. No image artifacts, inhomogeneities, or geometric distortions due to simultaneous PET data acquisition were detectable from the MR images. The concept of simultaneous PET/MR breast imaging thus was successfully implemented on the new generation of PET/MR hybrid systems and now awaits clinical application and evaluation on breast cancer patients in further studies.
V. CONCLUSION
A dedicated breast phantom featuring modular inserts for simultaneous PET/MR breast imaging has been developed. The phantom has been used for the characterization of MR, PET, and combined PET/MR hybrid imaging performance parameters of a dedicated four-channel RF breast coil for the use in simultaneous PET/MR breast imaging. While the fourchannel RF breast coil performed well in both MR-only breast phantom and breast cancer patient imaging providing good MR image quality, the RF coil caused an overall attenuation of PET signals by 11% during simultaneous PET/MR measurements. Application of hardware AC with pre-acquired CT-based 3D μ-maps of the four-channel RF breast coil allows for AC of the RF coil hardware components in PET data. PET/MR data of two breast cancer patients demonstrated the feasibility of this hybrid imaging concept. The integration of the four-channel RF breast coil with a defined table position together with the CT-based μ-maps provides a technical basis for future clinical PET/MR breast imaging applications.
